In multiple myeloma (MM), malignant plasma cells produce large amounts of antibodies and have highly active protein translational machinery. It is not known whether regulation of the abundance and aminoacylation (charging) of transfer RNA (tRNA) takes place in myeloma cells to accommodate for the increased amount of protein translation. Using tRNA-specific microarrays, we demonstrate that tRNA levels are significantly elevated in MM cell lines compared to normal bone marrow cells. We furthermore show that the addition of the proteasome inhibitor, bortezomib (Velcade TM , PS-341) results in decreased charging levels of tRNAs, in particular those coding for hydrophobic amino acids. These results suggest that tRNA properties are altered in MM to accommodate for its increased need for protein translation, and that proteasome inhibition directly impacts protein synthesis in MM through effects on tRNA charging.
Introduction tRNAs are molecular carriers of amino acids and translate genes into proteins according to the genetic code. Cancer cells are often associated with over-expression of TFIII factor components which can lead to over-expression of tRNA [1] . However, how overexpression of tRNA plays a role in cancer development and maintenance is not well understood. Recent work showed that a less than 2-fold increase in the abundance of tRNA Met used in translational initiation was sufficient to transform a non-cancerous cell, whereas a similar increase in tRNA Met used in translational elongation had little effect [2] . This remarkable discovery suggests a delicate tRNA balance exists in normal and transformed cells. A tipped balance in tRNA abundance may be characteristic for cancer. In normal human tissues, however, tRNA abundance can vary by up to 4-fold [3] . It is therefore not yet possible to predict how this balance is perturbed in any particular type of cancer or what effect perturbation will have. The malignant plasma cells in multiple myeloma (MM) are characterized by a high level of translation of monoclonal antibodies [4] [5] [6] . To accommodate the higher rate of protein synthesis, myeloma cells might have a higher abundance of tRNA molecules compared to normal cells. Myeloma cells are very sensitive to inhibition of the 26S proteasome complex by bortezomib which results in the accumulation of misfolded proteins and leads to apoptosis [7] . Proteasome inhibition also perturbs amino acid recycling [8, 9] which is crucial to maintain high levels of translation. Only tRNAs aminoacylated (charged) with a 3 0 amino acid are used in translation. We hypothesize therefore that tRNA charging levels are altered when myeloma cells are treated with bortezomib. In this study, we used recently developed tRNA-specific microarrays [3, 10] to test these hypotheses on the abundance and charging levels of tRNA in myeloma cells (Fig. 1) .
Fluorescent labeling and array hybridization of tRNA was applied previously to demonstrate the existence of tissue-specific expression of tRNA species in humans, implicating a role for tRNA heterogeneity in regulating translation [3] . To measure relative tRNA charging levels, we used selective oxidation of uncharged tRNA followed by fluorescent labeling of charged tRNA. A similar method was applied previously to demonstrate differential tRNA charging upon amino acid starvation in Escherichia coli [10] . Here, we adopted this method for the first time in human cells. We dem-onstrate that tRNA abundance is increased in myeloma cells and that the proteasome inhibitor bortezomib selectively down-regulates charging of tRNAs coding for hydrophobic amino acids.
Materials and methods
Myeloma cell lines MM.1S, MM.1R, NCI-H929, U266 and RPMI-8266 are maintained in RPMI-1640 containing 10% FBS. Cells were grown in fresh medium overnight prior to the addition of 10-20 nM bortezomib. Cells were harvested for RNA isolation using TRIzol reagent (Invitrogen, CA). Apoptosis of bortezomide-treated cells were monitored by TMRM apoptosis assay [11] . Total RNA isolated from bone marrows of healthy donors was purchased from BioChain Institute Inc. (Hayward, CA).
To isolate RNA for tRNA charging measurements, cells were resuspended in 500 ll 0.3 M sodium acetate/acetic acid, 10 mM EDTA (pH 4.8), and homogenized by adding 0.6 g 0.5 mm diameter glass beads, 500 ll acetate (pH 4.8)-saturated phenol-chloroform, 50 ll 10% SDS, and vortexed at 4°C for 30 min. After centrifugation, the aqueous layer was extracted with 1 volume of acetate-saturated phenol-chloroform. RNA was precipitated with 1 volume of isopropanol, washed with 75% EtOH/50 mM NaOAc/HOAc (pH 4.8), and resuspended in 10 mM NaOAc/HOAc/1 mM EDTA (pH 4.8).
tRNA microarray experiments were conducted as described previously [3, 10] . A brief description follows. The array contains 42 probes for human chromosomal-encoded tRNAs and 21 probes for human mitochondrial-encoded tRNAs, plus 84 probes from non-human tRNAs as hybridization and normalization controls. Each probe is represented at least 20 times on the same array.
To measure tRNA charging, total tRNA isolated at pH 4.8 was first supplemented with 0.66 pmol/lg each of charged E. coli tRNA Lys , E. coli tRNA Tyr and yeast tRNA Phe and then split in twohalves. One half was subjected to periodate oxidation at 100 mM KOAc/HOAc, pH 4.8, 50 mM NaIO 4 , 0.1 lg/ll total RNA; the other half was treated in the same way, but NaIO 4 was substituted with NaCl. The oxidation proceeded at 22°C for 30 min and the reaction was stopped by the addition of 100 mM glucose. Excess periodate was removed using a G25 spin column followed by precipitating twice with ethanol mixed with 100 mM NaOAc/HOAc, pH 4.8, 100 mM NaCl. tRNAs were deacylated in 0.1 M Tris-HCl, pH 9.0 at 37°C for 30-60 min, followed by ethanol precipitation. Ligation reaction to the tagging oligonucleotides ( Array hybridization was carried out with 0.5 lg each of Cy3 or Cy5-labeled total tRNAs at 60°C overnight on a Hyb4 station from Genomic Solutions (Ann Arbor, MI).
Results and discussion
We compared tRNA abundance in MM cell lines MM.1S, MM.1R, NCI-H929, U266 and RPMI-8266 to that of bone marrow cells from healthy donors. tRNAs in total RNA were specifically fluorescent-labeled and then directly hybridized onto microarrays printed with complementary oligonucleotide probes (Fig. 1A) . The overall tRNA abundance in each cell line compared to bone marrow cells from a healthy donor is presented as the median and mean values of individual tRNA probes after each tRNA in MM line is normalized to those from bone marrow ( Fig. 2A) . For all five MM lines, the levels of tRNAs derived from chromosomal-encoded genes were elevated by 2-to 4-fold, whereas the levels of tRNAs derived from mitochondrial-encoded genes increased by 1.2-to 1.7-fold. These results demonstrate that tRNA levels are elevated in MM cells which accommodate for their aberrantly high translation activities. Mitochondrial translation may be less affected in MM as seen by the smaller increase in abundance of mitochondrial tRNA.
The relative abundance of individual tRNA species was more cell line specific (Fig. 2B ). For example, some tRNAs in U266 showed a slight decrease and others an increase up to 4-fold. In H929, no tRNA showed a decrease and others an increase up to 6-fold. These differences are likely due to biological and genetic differences between U266 and H929 lines. For instance, U266 and H929 cells have different proliferative indexes and secrete immunoglobulin type IgE and IgA, respectively [12, 13] . In contrast, the relative tRNA levels in MM.1R and MM.1S lines were very similar (Fig. 2C) which was expected as they were derived from the same parental line [14] .
Because various tRNA isoacceptors read codons for the same amino acid, differences among tRNA isoacceptor levels can predict the translational efficiency of specific genes according to their codon frequencies [15] [16] [17] . The tRNA Arg and tRNA Leu isoacceptor families show more than a 2-fold variation among myeloma cells compared to bone marrow (Fig. 2D) 0 end of tRNA using T4 DNA ligase. Fluorescent-labeled tRNAs were directly hybridized to microarrays containing tRNA-specific probes. (B) Total charged tRNA sample was split in two-halves. One half was treated with periodate which oxidized only uncharged tRNAs and represents the amount of charged tRNA; the other half was not treated with periodate but otherwise treated identically and represented the amount of total tRNA. After removal of periodate, tRNAs were deacylated and labeled with the Cy3/Cy5 containing RNA-DNA hybrid oligos.
exception to the overall similarity of the MM.1 lines was the difference in tRNA Ile (TAT), which had a 1.7-fold higher level in MM.1R. Although bortezomib is FDA-approved for the treatment of relapsed/refractory MM, its effects beyond being a proteasome inhibitor are unclear [18, 19] . Since bortezomib inhibits proteasome activity and thereby reduces amino acid recycling, we would expect a change in charged tRNA levels after treatment with this drug. To test this idea, H929, MM.1S and RPMI8266 lines were treated with 10 nM bortezomib. At this concentration, H929 and MM.1S undergo apoptosis at 6 h, whereas RPMI8266 does not. Because charged tRNA turns over very rapidly, we also measured tRNA charging prior to induction of apoptosis at 2 h after bortezomib treatment. The tRNA charging level was determined by the fluorescent ratios between periodate oxidized total tRNA (representing charged tRNA) and the control total tRNA (Fig. 1B) . The fluorescent ratios of most tRNAs for H929 line prior to treatment with bortezomib were approximately one suggesting that most tRNAs are nearly fully charged before bortezomib addition (Fig. 3A) . Addition of bortezomib resulted in decreased charging levels for some tRNAs, lending support to our hypothesis that proteasome inhibition affects tRNA charging ( Fig. 3B and C) . Specifically, bortezomib selectively decreased charging of chromosomal-encoded tRNAs coding for hydrophobic amino acids, but not the charging of tRNA coding for charged amino acids (Fig. 3C) . This selectivity suggests that bortezomib differentially affects the availability of amino acids for protein synthesis. This effect is primarily found in cells that were sensitive to a low bortezomib concentration (H929 and MM.1S). This effect is much more pronounced at 2 h than at 6 h, which may be explained by a decreased demand for amino acids at the later time when cellular translation rates are low due to apoptosis. At a higher bortezomib concentration (20 nM = MM.1S * ), decreased charging of tRNAs coding for hydrophobic amino acids were apparent at both 2 h and 6 h in MM.1S (Fig. 3C ).
In summary, we demonstrate that the abnormally high translation activity in MM cells is accommodated by over-expression of tRNAs and tRNA charging becomes increasingly sensitive to amino acid supply. These results suggest that regulatory pathways exist in MM cells that link translation activity to tRNA properties. Further studies of tRNA in cancer biology may lead to therapeutic applications that specifically target translational regulation. 
